Introduction
Fungi are well known for their production of a wide range of secondary metabolites (SMs) [1] . Although often not required for life or propagation, SMs have various biological activities, such as antibiotics (e.g., penicillin), lowering cholesterol (e.g., lovastatin), and mediators of pathogenesis (e.g., beauvericin and oosporein [2, 3] ). Fungi mainly produce the nonribosomal peptides (NRPs) and polyketides (PKs), in contrast to the terpenes and alkaloids of plants [1] . Fungal genomes often harbor a number of core genes encoding polyketide synthases (PKSs), nonribosomal peptide synthetases (NRPSs), and the hybrid PKS-NRPS. These core enzymes contain multiple domains and are typically responsible for synthesizing the first intermediate in the biosynthetic pathways. In addition, the SM biosynthesis often requires several tailoring enzymes to mature the intermediate. The encoding genes of core and tailoring enzymes are usually co-regulated and located at the same locus in the genome, which often defines a gene cluster [1, 4] .
The highly conserved domain organizations enable the fast identification of NRPS and PKS genes in a given genome [5] . The existence of co-regulated gene clusters also adds to the confidence of retrieving a biosynthetic pathway in silico. In recent years, fast expansions of available fungal genomes and genomic technologies have successfully linked many previously known or new products to their genetic bases, such as in the well-studied Aspergillus spp. [6] . However, it has become increasingly apparent that the vast number of predicted biosynthesis genes of microorganisms is not reflected by the metabolic profile observed under laboratory fermentation conditions. The opportunistic human pathogen Aspergillus fumigatus, one of the best known fungi, has 8 out of 14 NRPSs already characterized [7] , and other well-studied fungi such as Metarhizium spp., Beauveria spp., Magnaporthe oryzae, etc., only have 2-4 characterized NRP products. One important obstacle is that the SM gene loci remain silent in the absence of a particular (in most cases unknown) trigger. These cryptic genes may code for the biosynthesis of important virulence factors, toxins, or antibiotics that are even more efficient than the generally expressed ones when against specific stresses or host. Therefore, investigation of the functions of these silent genes is important to the applications of this largely untapped reservoir of potentially bioactive compounds, and at the same time to understanding the panorama of secondary metabolism in the success of fungal survival.
Pathogenic fungi are well-known carriers of SM synthetic machineries. They use these SMs to assist their pathogenic lifestyles; for example, as cytotoxins to host cells, suppressant of host immune systems, antibiotics to defend the food sources from other competitors, or mediators towards abiotic stresses [8, 9] . Species of Cordyceps are mostly entomopathogenic fungi that parasitize the larvae or pupae of insects. Beauveria (teleomorph: Cordyceps, Hypocreales) bassiana is a broad-host-range facultative entomopathogen that has been considered a model organism in the study of entomopathogenic fungi [10] , and developed as biocontrol agents against different insect pests. The B. bassiana genome possesses 21 NRPSs (including NRPS-like proteins), providing a relatively replete pool to thoroughly study the roles of the NRPSome in the fungal lifecycle. Through this, the function and/or product of each identified NRPS or PKS-NRPS were primarily inferred to screen the NRPSs potentially associated with the pathogenicity pattern under regular laboratory condition or during infection. Thus, in this study, all the NRPSs and PKS-NRPSs in the currently available genome sequence of B. bassiana ARSEF 2860 [11] were identified and analyzed as the first step to overview the significance of its NRPSome in entomopathogenesis.
Materials and Methods
Beauveria bassiana Strains, Chemicals, and Culture Conditions B. bassiana ARSEF 2860 was maintained on potato dextrose agar (PDA, Becton, Dickinson and Company, USA). Aerial conidia were collected in Triton X-100 (0.05%) from B. bassiana strains grown on PDA plates at 28°C for 14 days. Conidial concentrations were determined using serial dilutions of conidia growth on PDA plates. Chemicals (purchased from Sigma-Aldrich, Germany) were of the highest purities available.
Phylogenetic Tree Construction and Identification of Putative Gene Clusters
The phylogenetic relationships among NRPSs were constructed based on the alignments of amino acid sequences of the adenylation and/or condensation domains for NRPS. Adenylation and/or condensation domain-containing proteins from the B. bassiana genome were identified using the AMP-binding (PF00501) and condensation domain (PF00668) models from PFAM (http:// pfam.sanger.ac.uk/) and the program hmmsearch. Fragments corresponding to the A and C domains from the NRPSs were aligned with MUSCLE (ver. 3.6) [12] . The phylogenetic relationship was constructed using the maximum likelihood and maximum parsimony methods by MEGA (ver. 5.2) [13] . Statistical support for branches within the phylogenetic trees was generated by bootstrap analysis with 1,000 pseudoreplicates. The compared NRPSs with known function or that have been studied were selected from the literature [4, 6, 8, [14] [15] [16] [17] [18] . Identification of potential gene clusters and conserved gene synteny was conducted using the on-line service antiSMASH 2.0.2 [19] and the NCBI BLASTp. The first program allowed for the comparison of B. bassiana contigs with a database of fungal and bacterial genomes maintained by the service curators.
Gene Expression Analysis
Gene expression of the NRPSs on PDA media and during infection of diamondback moth (Plutella xylostella (Linnaeus)) was analyzed by PCR and by quantitative RT-PCR. Total DNA and total RNA were extracted using the Trizol extraction method Fig. 1 . Representative secondary metabolites of Beauveria bassiana [3, 47, 54, 55] .
(Invitrogen, USA) as instructed by the manufacturer manual. cDNA was then reverse transcribed using a Fast Quant RT Kit (with gDNase) (Tiangen, China). The PCRs were done with Easy Taq DNA polymerase (Transgene) using 30 amplification cycles with the temperature profile 94°C for 30 sec, 65°C for 30 sec, and 72°C for 60 sec. The primer sequences are listed in Table S3 and were used at 0.4 µmol/l each (final concentration). DNase-treated total RNA without reverse transcription and RNase-free DI-H 2 O were both used as negative control templates. Genomic DNA was used as the template during the PCR for the positive control. All primers can amplify the genome DNA with a single band.
Results
The Reservoir of NRPSs in the Genome of Beauveria bassiana
The numbers of the NRPS genes in the B. bassiana genome are moderate compared with other insect or plant parasitic fungi [11] . The B. bassiana genome encodes 21 NRPS or NRPS-like and three PKS-NRPS hybrid proteins (Fig. 2 , Table S1 ). The predicted proteins are composed by the various combinations of adenylation (A), condensation (C), The phylogeny of the B. bassiana NRPSs was inferred by maximum likelihood analysis of deduced amino acid sequences of the adenylation (A) domains. The full tree is included in the supporting information (Fig. S1 ). Major clades grouped by the Cochliobolus heterostrophus and other known NRPSs according to previous studies [8, 18] are marked by brackets to the right of the tree. Numbers above branches indicate the percentage bootstrap support (when >60) for each branch point based on 1,000 pseudoreplicates. The Acyl-CoA ligases from B. bassiana are used as the outgroup. Designations contain species name, NCBI index number, and the order of A domains in that NRPS out of the total number. Abbreviations of domains are used as follow: A = adenylation; C = condensation; T = thiolation; NAD = short-chain dehydrogenases/reductase; TD = thioester reductase; KS = ketoacyl synthase; AT = acyl transferase; E = epimerization; DH = dehydratase; KR = ketoreductase; ER = enolylreductase; MT = methyltransferase. thiolation (T), and other modification domains. The number of A domains varies from 1 to 4; no very long NRPS was found as in the peptaibol-producing Trichoderma species [20] . Nine NRPSs end with typical terminal C domains (Fig. S1C) , while two and four end with terminal reductase (R) domains and thioester reductase (TD) domains, respectively, and these domains may serve as the releasing and cyclization mechanisms of the peptide products [21] [22] [23] . One protein, BBA_06661, although annotated as NRPS in the NCBI database, does not have the A domain or functional enzymes nearby and was thus not included here.
The phylogenetic analysis can help predict the possible functions of the encoding NRPSs in the fungal lifecycle, especially when both the core enzyme and the gene cluster are conserved [4, 24, 25] . Besides this, resolving their orthologous relationships can reveal the evolution track of these highly variable enzymes. In this study, the phylogenetic tree of the NRPSs was constructed using the deduced amino acid sequences of the A domains as described in the literature [26] . The resultant tree has similar topology to the previous report (Figs. S1 and 2) [8, 26] , and based on the classification by Bushley et al. [25] , the B. bassiana NRPSs distribute in two main groups: mono/bimodular bacterial-origin NRPSs and multimodular eukaryotic NRPSs. Using the phylogenomic background, the B. bassiana NRPSs can be divided into three functional groups, as discussed in the following section.
The phylogeny of the C domains is similar to but more obscure than that of the A domains (Fig. S1C ). Terminal C domains comprise a unique and exclusive group. Those conserved NRPSs (i.e., siderophore clades ChNPS6 and ChNPS2, PKS-NRPS, and SidE) still form well-supported Cdomain clades.
To further characterize the function of the B. bassiana NRPSome, transcript levels were measured under in vitro growth condition on PDA for 6 and 9 days, and after infection of diamondback moth (Plutella xylostella (Linnaeus)) in vivo for 6 days. Previous studies have shown that the B. bassiana NRPS genes are dynamically expressed under different treatments and during different infection periods [11, 27] . Using the NRPSs producing beauvericin and bassianolide as examples, although peaked at different periods, these two genes expressed all through the infection processes despite of treatment methods (i.e., insects treated Fig. 3 . Expression levels of the Beauveria bassiana nonribosomal protein synthetase (NRPS) genes using quantitative reverse transcription real-time PCR (qRT-PCR) in three conditions: 6 or 9 days on potato dextrose agar (PDA) media and 6 days after infection of diamondback moth.
18S rDNA was used as the internal standard. The data values were averaged by triplicates and indicate the difference between the expression levels of the targeted genes and 18S rDNA; that is, less negative represents higher expression.
by conidia suspension or injected with blastospore) [29] . Therefore, the transcript levels of NRPS genes during infection of diamondback moth can primarily screen the NRPSs universally active or specific to the certain type of host, but cannot reflect the time-course changes. PCR of the reverse-transcribed cDNA was used to qualitatively test whether each NRPS gene was expressed or not (Fig. S4) , while quantitative reverse transcription real-time PCR (qRT-PCR) was used to quantify the differential transcription level (Figs. 3 and S4 ). A gene is described as "expressed" when (i) its transcript level is significantly higher than the negative control (i.e., the RNA extracts without reverse transcription), and (ii) the PCR band of its reversetranscribed cDNA is observable.
Conserved NRPSs and Their Predicted Functions
Compared with the multimodular NRPSs, the mono/ bimodular NRPSs are relatively conserved with domain organization suggestive of functional conservation [27] . The functions of these conserved NRPSs can be speculated according to the evolutionary background deduced by their phylogenetic relationship. These NRPSs are often observed to be involved in sexual development, reproduction, iron metabolism, conidial development, and cytotoxicity [28] [29] [30] , and are widely spread in plant and animal pathogens as well as saprophytes. In addition, the transcription of the conserved NRPS genes tends to be steady among different conditions and/or growth periods in this study and the literature [11] .
Group I: Basic Metabolism
The NRPSs of Group I comprise a large portion of the B. bassiana NRPSome and are relatively indispensable during both saprophytic and pathogenic lifestyles. Consequently, they are equally transcribed during all tested conditions at a level generally higher than other NRPS genes (Figs. 3 and S4), and therefore Group I NRPSs were ascribed as "basic metabolism." Four B. bassiana NRPSs group within the subfamily of SidC/fer3 synthesizing ferricrocin and ferrichrome intracellular siderophores; but only one, The organization of gene clusters in B. bassiana was compared with the previously described ones included in the antiSMASH database. BBA_05020, possesses canonical domain organization as the well-documented Sid2 of the basidiomyces Ustilago maydis [31] , Sib1 of the ascomycetes Schizosaccharomyces pombe [32] , and SidC of A. fumigatus [33] . BBA_05020 also has the highest transcript level in this study, and the previous transcriptomic measurement suggested its product is a major iron-chelator (Fig. 3) [11] . The other three SidClike NRPSs (BBA_00963, BBA_05179, and BBA_08246) only contain one A and one C domain, similar to the first module of SidC/fer3 (Fig. 2) . Interestingly, BBA_00963 and BBA_05179 have a PKS (BBA_00967) or PKS-NRPS hybrid (BBA_05176) gene located nearby, respectively, together with a separate enoylreductase (ER). Similar cluster organization can be found in Cordyceps militaris CM01 and Aspergillus kawachii IFO 4308 (Fig. 4A) . The B. bassiana NRPSome also includes a homolog of the extracellular siderophore synthetase ChNPS6/SidD (BBA_06997), a proved virulence determinant in various pathogens [28, 34] . Different to the SidC-like NRPSs, BBA_06997 is a fungal-specific siderophore synthetase. Two other genes in this group, BBA_04028 and BBA_08280, are respectively homologous to ChNPS10, an NRPS-like protein involved in morphological development [25] , and AAR (amino-adipate reductase), which is responsible for reducing α-amino-adipic acid in the fungal lysine biosynthetic pathway and is widely present in the fungi kingdom [26] . The domain architectures as well as gene clusters of these two NRPSs are both conserved. More description about this group of NRPSs is in the supplementary results.
Group II: Pathogenicity
Most of the NRPSs that are possibly involved in pathogenicity are not conserved at the gene and gene cluster levels, except for the sidE-like NRPS, BBA_07589. Both A and C domains of BBA_07589 are homologous to those of the SidE NRPS from the human pathogen A. fumigatus (>99 bootstrap value). BBA_07589 and SidE share the same domain architecture, with terminal C domains as the releasing mechanism, and a C6 transcription factor and a MFS transporter in their vicinity. SidE is phylogenetically close to the SidC/fer3 siderophore synthetase and is originally assumed to be the same sort. However, instead of siderophore, SidE is shown to produce fumarylalanine, which is structurally related to the established pharmaceuticals exerting immunomodulatory activity [7] . Thus, BBA_07589 is very likely to produce a similar product, and play roles in evasion of the host immune system.
The domain organization of BBA_04327 is similar to the Magnaporthe oryzae NRPS TAS1, which synthesizes tenuazonic acid (TeA) using isoleucine and acetoacetyl-CoA [35] . TeA is a well-known mycotoxin produced by various plant pathogenic fungi. TAS1 is a unique NRPS-PKS hybrid enzyme that begins with an NRPS module and is followed by a single KS domain, in contrast to other PKS-NRPS hybrid enzymes. This KS domain conducts the final cyclization step for TeA release instead of extension of the ketone chain [35] . BBA_04327 shares 36% identity and 98% coverage with TAS1, and thus may convey a similar synthetic capability. Its cluster, however, is very different from that of MGG_07803, including a transcription factor and a drug resistance transporter protein, suggesting a different product function. This combination is also presented in the genomes of Metarhizium spp. and Fusarium spp.
Fast-Evolving NRPSs Possible for Pathogenicity-Related Functions
Twelve B. bassiana NRPSs are classified into Group II that are likely to be involved in pathogenicity. They are mostly multimodular NRPSs unique to euascomycetes. Multimodular subfamilies of NRPSs are restricted to fungi, show lessstable domain architectures, and biosynthesize metabolites that perform more niche-specific functions than mono/ bimodular NRPS products [26] . The phylogenetic assignment of their A domains is more complicated, with either a very low bootstrap value (<50) or discrepancies between two computing algorithms (i.e., maximum likelihood or maximum parsimony), indicating a fast-changing nature. These NRPSs often do not have a conserved gene cluster, even within the closely related species. The expression levels of pathogenicity-related NRPSs vary significantly under different conditions and with different hosts; for example on PDA media, per os in diamondback moth, on locust wing, in cotton bollworm blood, or with root extract (Figs. 3  and S4 ) [11] . Consequently, their functions are difficult to predict. However, this fast-changing nature is beneficial for the fungi to adapt to the changing environment. It was proposed that genes involved in stress responses were more likely to undergo duplication and loss than growth related genes [19] . Therefore, pathogenicity-related NRPSs are the most interesting objects to study. If functional, they are more likely to undertake niche-specific functions to gain advantages in a certain environment, as in the host organism for pathogenic fungi. As examples, the synthetases producing the well-known insecticidal or cytotoxic substances beauvericin, serinocyclin, and ergot alkaloid belong to this group.
Possible Beauverolide Synthetase
The NRPS BBA_08222 and PKS BBA_08219 grouped with the emericellamide synthases EasA (NRPS) and EasB (PKS) in the respective phylogenetic trees. The EasA-like NRPS, BBA_08222, contains 13 domains divided into three modules corresponding to three A domains and possibly the consequent substrate amino acid incorporated (Fig. 2) . These three A domains are counterparts to the first three of EasA in A. nidulans FGSC A4, which has five modules as (T-C)
( Fig. 3 ) [24] . The highly reducing iterative type I polyketide synthase BBA_08219 and the genes located nearby are also similar to the emericellamide synthetic gene cluster, although the order has been slightly shuffled (Fig. S3) . The detailed description of this cluster is included in the supplementary results. Therefore, the biosynthesis process of this cluster, if active, may follow the same procedure with different chain length, number of monomers, and/or modifications, which may initiate from the linear polyketide intermediate by BBA_08219. After release, the intermediate is converted to a CoA thioester by the 4-coumarate-CoA ligase, and then shuttled by the acetyltransferase to the first T domain of the NRPS. The product chain will be further extended by the NRPS and released by the terminal C domain. The substrate selectivity of A domains was analyzed using five publicly available bioinformatic software programs, antiSMASH [36] , NRPSpredictor2 [37] , NRPSsp [38] , SEQL-NRPS [39] , and PKS/NRPS Analysis [40] (Table S1 ). Unfortunately, no consensus result was achieved. All three substrates are likely to be hydrophobic amino acids like alanine, valine, or leucine. The correctness of these bioinformatic software tools on predicting the substrate selectivity of fungal NRPS may be hindered by the fact that a majority of the characterized NRPS used to develop these programs are bacterial in origin and understanding of fungal NRPS is still in the early stages. To determine the product structure requires chemical analysis and identification of more fungal NRPs with proper gene sequencing. In summary, the product of the BBA_08222 gene cluster should contain a polyketide-derivative followed by three amino acids, the last of which is right-handed owing to the presence of the epimerization (E) domain. Given this predicted synthetic process, the BBA_08222 and its surrounding gene cluster are likely to be responsible for the biosynthesis of the known products, beauverolides, which are cyclodepsipeptides consisting of two L-amino acids, one D-amino acids, and one hydroxyl acid such as 3-hydroxy-4-methyloctanoic acid [41, 42] , in accordance with the domain organization of BBA_08222.
NPS8-Like NRPSs
Among the highly variable NRPS clades, the ChNPS8 clade is relatively conserved (Fig. S1 ). The NRPS (BBA_07548) has A domains somewhat similar to those of ChNPS8 (Figs. 2 and S1 ). It ends with a terminal C domain, and its genomic locus lacks enzymes likely to provide substrate or perform post-modification. Therefore, BBA_07548 may independently biosynthesize the final metabolite. This gene was transcribed under both PDA and infection of diamondback moth conditions with levels similar to the siderophore synthetases (Fig. 4) , suggesting a relatively large demand of its product under these conditions. However, its expression was very weak on locust wing or with root extract, and was not detected in cotton bollworm blood [51] . Near the ChNPS8 clade, three B. bassiana NRPSs (BBA_06727, BBA_10105, and BBA_08699) form an individual clade (Fig. S1A) . The transcription of BBA_06727 can only be activated by infection of diamondback moth among the tested conditions (Fig. 3) [11] . BBA_06727 also has a terminal C domain. The first and second A domains (A1 and A2) are highly similar to A3 and A4, respectively; the C1, C2, and C3, but not C4, domains also group together, which suggests an ancient duplication events occurred before the evolving of the terminal C domain. A cytochrome P450 and an ABC transporter are located nearby, and the cluster organization can also be found in C. militaris, M. robertsii, and A. oryzae (Fig. 4b) . BBA_08699 only contains one A domain and is separated with BBA_08701 (comprising single T and terminal C domains) by a lipase, and showed no or negligible transcript levels under the tested conditions (Fig. 3) [11] . BBA_10105 has two highly similar A domains (identity = 61%). It was moderately transcribed with root extract and in cotton bollworm blood [11] , but downregulated during infection of diamondback moth (Fig. 3) . A transposase-like protein is located nearby, suggesting a possible exogenous origin of this gene.
PerA-or DtxS1-Like NRPS
Another NRPS in this group is BBA_08424 that only showed transcription during infection of diamondback moth (Fig. 3) . Its sole A domain groups with the Epichloe festucae peramine synthetase (PerA), and Metarhizium spp. destruxin synthetase (DtxS1). This NRPS has one A domain and two C domains, probably providing a homodimer as an intermediate. An aminotransferase located in the same locus may provide its substrate by catalyzing the transformation between an amino acid and an α-keto acid. A cytochrome P450 and a hydroxylase may exert further modification and/or cyclization. This process resembles the biosynthesis of destruxins, which requires an aldo-keto reductase (DtxS3) to provide substrate for the NRPS (DtxS1), a cytochrome P450 (DtxS2), and an aspartic acid decarboxylase (DtxS4) for post-NRPS modification, although the domain architecture of DtxS1 is very different ((A-T-C)
) [43] . Destruxins are cyclohexadepsipeptides that exhibit a wide variety of biological activities, best known as insecticidal and phytotoxic substances [43, 44] . Destruxins also can inhibit the immunity of host insects like diamondback moth, Bombyx mori, and Drosophila melanogaster [45] . Peramine is an insect deterrent that mediates symbiotic interactions of E. festuca with its grass host [46] . Similarly, the product of the BBA_08424 cluster is possibly involved in the interaction with the host insect as a virulence factor.
NRPSs with A Domains Dispersed in Far Apart Subfamilies
A few NRPSs have A domains distributing in phylogenetically far apart subfamilies; that is, BBA_03671, BBA_04827, and the NRPSs synthesizing the known insecticidal mycotoxins beauvericin (BbbeaS, BBA_09727) and bassianolide (BbbslS, BBA_02630). Beauvericin and bassianolide are significant but nonessential virulence factors of B. bassiana, which are both formed by recursive condensations of the dipeptidol monomers [3, 47] . The similarity between BbbeaS and BbbslS sequences indicates a possible same origin. The expression of BbbeaS and BbbslS was induced by the presence of the host, which agrees with the previous results measured during the infection of Triantoma infestans, either by immersing the insects in conidial suspensions or by injecting them with blastospores [27] . However, both of the genes were not express during growth on locust hind wings or in cotton bollworm blood [11] , suggesting a transcription highly dependent on conditions. Similarly, BBA_03671 was upregulated during infection of diamondback moth, but remained silent under other tested conditions (Fig. 3) [11] . BBA_04827 did not show expression (Fig. S4) [11] . Both BBA_04827 and BBA_03671 end with a reductase domain (Fig. 2) . BLAST results of BBA_03671, if not considering Beauveria species, are from the class of Eurotiomycetes instead of Sordariomycetes, suggesting a possible origin from horizontal transfer.
Group III: Unknown Function
NRPSs with unresolved phylogeny had low bootstrap support and discrepancies between the algorisms used, and thus we were not able to infer their possible products or function. In this sort of NRPSs, BBA_07611 is an unusual NRPS with single A and T domains followed by a terminal domain with unknown function. This domain is found exclusively in NRPSs (more likely with bacteria origin) and always as the final domain (supplementary results) [48] . Another NRPS, BBA_01810, has the domain architecture of A-T-C. Its A domain is somewhat similar to the second and third ones of HC-toxin synthase in T. marneffei, and is grouped close to the serinocyclin synthase.
Discussion
Phylogenetics paired with comparative genomics is a useful tool to predict information of the Beauveria bassiana NRPSome, on what they might produce and what their functions may be. Transcript levels under different conditions help primarily to screen genes participating in certain biological processes. The B. bassiana genome harbors 21 NRPS or NRPS-like genes, three of which collaborate with PKS or PKS-NRPS hybrid genes. Of these 21 clusters, the products of two have been previously characterized (bassianolide and beauvericin). Functions of the NRPSome can be divided into three groups. Group I include five clusters involved in iron metabolism (BBA_05020, BBA_00963-BBA_00967, BBA_05176-BBA_05179, BBA_08246, and BBA_06997), one amino-adipate reductase (AAR) (BBA_08280), and one involved in morphological development (BBA_04028). In addition, BBA_07589 is highly similar to the SidE synthesizing fumarylalanine, whereas BBA_04327 resembles the TAS1 NRPS-PKS hybrid enzyme synthesizing TeA [35] . Based on the phylogenetic relationship and the structure of the gene cluster, it is also predicted that BBA_08222 was responsible for the biosynthesis of beauverolide. These NRPSs have a relatively certain phylogenetic relationship, and their expression levels are in accordance with their predicted functions. However, if both the NRPS core gene and the surrounding genes are not similar to any known NRPS, it is difficult to infer its function based only on bioinformatics. Some NRPSs even do not have homologs in closely related species. The A domain of the rest of the NRPSs always group with the most fast-changing clades, suggesting vivid evolution events sculpting their structure to cope with the specific environments of the fungi, such as against certain hosts, competitors, or stress. In the case of entomopathogenic fungi such as B. bassiana, their "environmental pressure" mainly comes from the host, and thus the majority of these fast-evolving NRPSs are associated with pathogenesis. As examples, the two NRPSs that synthesize beauvericin and bassianolide (BBA_09727 and BBA_02630) both belong to this group.
The fast-evolving NRPSs may also be under more restricted regulation control and are only activated upon infection. Their expression tends to be highly dependent on host type and growth conditions [11] . Consequently, they are usually the less known NRPSs and require more attention. Genes involved in stress response are usually under restricted control, and their expression requires a certain condition to trigger as demonstrated in this and previous study [49] . In recent years, the molecular characterization of stress response in pathogenic fungi revealed that general signaling pathways involved in stress response are also associated with virulence, especially GPI-anchored proteins and G-proteincoupled membrane receptors, mitogen-activated protein kinase (MAPK) pathways; for example, (i) pheromone/ nutrient sensing (Fus3/Kss1), (ii) cell wall integrity (Mpk1), and (iii) high osmolarity (Hog1), and the PKA/adenyl cyclase pathway, and various downstream transcription factors, such as Msn2, CreA, and Pac1 [49, 50] . For example, a homolog of the msn2/seb1 transcription factor identified in B. bassiana participated in the resistance to Calcofluor White, H , and Congo Red. This gene also showed pHdependent deregulation of oosporein, a secondary metabolite produced by PKS, and the null mutant ΔBbmsn2 was impaired in virulence in both topical and intrahemocoel injection bioassays against Galleria mellonella [51] . The TeA biosynthetic gene, TAS1, was regulated by Hog1-related MAPK involved in the response to hyperosmotic stress in M. oryzae [35] . In addition, SMs such as NRPs and PKs can be regulated by transcriptional factors located in the same locus with the core enzymes, while the global regulator Lae can regulate the expression of multiple SM gene clusters in Fusarium verticillioides and Aspergillus spp. [52, 53] . Despite of the increasing discoveries, most of the regulation networks and the specific trigger for the SMs in entomopathogenic fungi are as yet unknown. Our study provides NRPS genes selectively expressed during infection, which can be model systems to investigate the regulation of SM production.
Our procedure is useful in genome mining studies to screen SM genes of certain interest, such as pathogenesis in this study. Our results also help demonstrate the function of the NRPSome in an entomopathogenic fungus. The specific biological roles as well as biosynthetic machineries of each functional gene are interesting topics for further investigations.
